1 This paper without essentiR1 alterations was awarded the Boylston prize of the IIarvard Medical School in March, 192-3, The Board of Award "doea not consider itself as approving the doctrines contained in any of the dissertstions to which premiums may be adjudged. " The Doctor Wearn is responsible for the suggestion that it might be possible to collect fluid from Bowman's capsule by its aid.
In certain respects our observations concerning the behavior of indigo carmine and phenolsulphonephthalein duplicate those recently published by Bieter and Hirschfelder (THIS JOURNAL, 1924, lxviii, 326). Professor Hirschfelder visited this laboratory during the summer of 1921 and was shown the frog's kidney preparation as it had been developed by Richards and Schmidt up to that time. We had no intimation of his work until after the publication of his reports before the Society of Experimental Medicine and Riology, April 22 and May 10,1922. Our experiments were begun in October, 1921 , and their progress was reported by Wearn (vide supra) before the American Physiologica Society on December 29 of that year. In advancing the claim for priority of publication of the first "absolutely objective evidence" in support of tubular reabsorption, Professor Hirschfelder is apparently unaware of Wearn's report. 209
that the osmotic pressure of urine is higher than that of blood (2) he modified his view to include differential reabsorption of water and solids through the epithelium of the tubules (3) .
The earlier work on the physiology of the kidney in the Ludwig laboratory was directed more particularly at the nature of the glomerular function than of tubular.
In a review of this work it seems implicit that if filtration is proved to be the characteristic feature of glomerular function, sequence. recent literature.
The most important objections tubular reabsorption must be accepted as a necessary This justifiable implication is apparent in much of the which have ever been raised against COP more the theory of reabsorption in the tubules are those which were advanced by Heidenhain.
In experiments designed to trace the passage of the dye, indigo-carmine, from blood into urine he observed the deposition of dye in the lumen of the tubule, the presence of colored granules in the epithelial cells of the tubule and no trace of the dye in the glomerular structures (4) impelled him to This fact, together with similar observations on urates, the view that the function of the tubules was secretory. The fact that no dye was present in the glomerular tissues or in the capsule of Bowman was one of the reasons which led him to deny the validity of the filtration doctrine and to ascribe secretory power to glomerular as well as to tubular epithelium.
In his classical review of the subject of renal function in Hermann's Handbuch he showed how inadequate, on the basis of available data, the filtration theory was to explain the formation of normal urine (5). His figures have since been widely quoted.
Assuming a daily urinary output of 35 grams of urea in 2000 cc. of urine, derived from blood containing 0.025 per cent of urea and capable of yielding a glomerular filtrate containing 0.05 per cent, it is clear that the separation of 70 liters of filtrate would be necessary to rid the blood of 35 grams of urea. Of this, 68 liters must be reabsorbed.
Blood flow through the kidney, calculated on the assumption thaf the kidney receives blood in the proportion which its weight bears to the rest of the body, amounts to 130 liters daily.
Clearly, if these assumptions are sound, the separation of 70 lifers of filtrate is incredible.
Cushny (6) has exposed the fallacies of this argument. It is cited because of the weighty influence which it has exerted against the acceptance of belief in reabsorption as a predominating influence in the elaboration of urine.
As has already been stated, evidence for glomerular filtration may be regarded as indirect evidence for tubular reabsorption.
It is beyond the scope of this paper to outline the mass of evidence accumulated since Heidenhain's time, which permits many physiologists to accept the filtration hypothesis and which has resulted in the development of the "modern theory" of urine formation (7) which accepts filtration as a fundlamental postulate.
It is proper, however, to examine briefly the most outstanding experimental evidence which bears directly on the view that reabsorption occurs in the tubules. 1. Among the first and certainly most direct experiments directed at the question of reabsorption in the tubules were those of Ribbert (8). He excised as completely as possible the medulla of one kidney of the rabbit after having removed the other.
Recovery was permitted and the urine eliminated was compared with that from control animals which had been subjected to identical operative procedures with the exception of medullary extirpation.
The animals survived the operat-ion for fortyeight to sixty hours: blood disappeared from the urine in from four to five hours. U Albumin test showed opalescence only. rine was from two to three times as great as that of the control animals.
These experiments were u nsuccessfully repeated bY Boyd (9), but later were successfully repeated by Hausmann (lo), working under Mever's direction. Hausmann's results were comparable with those of Rib&.
The volume of
The conclusion, drawn from these experiments, was that a dilute fluid is eliminated in the cortex, which in the normal kidney is concentrated by reabsorption of water.
2. von Sobieranski (II) in 1895 repeated Heidenhain's experiments on the elimination of indigo-carmine by the tubules. When Heidenhain's technique was rigidly followed results identical with his were obtained. If, however, larger amounts of dye were introduced or if the animal's tissues were depleted of wa& before the experiment, the glomeruli were stained and dye was present in Bowman's capsule.
He then discovered that sections of fresh kidney tissue immersed in the serum taken from animals which had been injected with the dye stain very slowly. Hence it seemed clear that the cells of the kidney which are stained by the dye during life must be subjected to stronger concentrations of the dye than those existing in plasma. If the dye is eliminated in a glomerular filtrate which becomes concentrated in tubule by reabsorption of water, a satisfactory explanation of the the . drsStudy of the behavior of another crepancy mentioned would be obtained. dye, sodium carminate, confirmed this thought, and supported the view developed by von Sobieranski that the coloration of tubule cells observed by Heidenhain was caused by contact with the concentrated solution in the lumen of the tubules rather than by the dilate solution in the blood.
A study of the action of diuretics upon the distribution of the dye in the kidney was made. von Schrijder had expressed the belief that caffeine stimulates the secreting epithelium of the tubules. If this were true and if indigo-carmine is secreted into the urine by the tubules then caffeine might be expected to cause intensification of the coloration of tubule cells by injected dye. The result of experiment shows that under the influence of caffeine, staining of tubules by indigo-carmine is less intense, Upon these observations was based the view that indigo-carmine and sodium carminate are eliminated in dilute solution as a filtrate in the glomerulus which is concentrated in the tubules by reabsorption of water.
The staining of tubules is due to contact with the concentrated solution of dye in the tubules: caffeine lessens or abolishes the function of reabsorption.
3. Cushny's experiments (12) on the elimination of sodium sulphate constitute the most influential evidence yet brought forward in support of the reabsorption theory.
In them he compared the excretion of sodium chloride and sodium sulphate following the intravenous injection of a solution containing the two salts in isosmotic concentration.
During the initial period of maximum diuresis which followed chloride was eliminated in greater quantity than sulphate; during waning diuresis sulphate elimination was greater and persisted longer than that of chloride.
When the rate of urine flow from one kidney was decreased by increasing the ureteral pressure--this was done solely to retard the passage of the glomerular fluid through the tubules-this difference in course of elimination of chloride and sulphate was intensified.
A similar result was obtained when urine flow was retarded by partial constriction of the renal artery (13). The interpretation of these results is that while fhe two salts are eliminated with equal readiness in the glomer uli, the sulphate is reabsorbed with difficulty, if at all, in passage throu gh the tubule; no such obstruction to reabsorption is encountered by the chloride. Injected phosphates and urea show behavior similar to that of sulphates and upon the basis of this behavior is erected the conception of "no-threshold substances"
in the "modern theory." It is interesting to note fhat the urine from the obstructed ureter was more acid than that from the unobstructed, a fact, which is important in relation to the much debated question whether acidity of urine arises from secretion of acid or reabsorption of alkali.
4, In another group of experiments comparative chemical study has been made of the cortex and of the medulla of the kidney. Hirokawa (14) determined the osmotic pressure of the cortex of the rabbit's kidney under a variety of condition s and obtained remarkably constant values. Similar estimations on the medulla of the kidney gave results which varied with the concentration of the urine which was being eliminated. Hirokawa's figures point to the elimination of a fluid of relatively constant composition in the cortex which is modified in its passage through the medulla.
Since the medullary loops of the renal tubules have never been regarded by the advocates of the secretion theory as the chief seat of the secretory process, t.he conclusion drawn from these experiments is fhaf the nature of the process in the medulla is reabsorptive.
Griinwald (15) fed rabbits with a diet poor in chlorides until the urine became chloride-free. The administration of diuretin to such animals produced a reappearance of chloride in the In a number of instances death followed urine in con siderable quantities. the administration of diurctin : this any was due to loss of chlorides. renal vase-dilator was capable appropriate experiments showed that In acute experiments it was found that of producing a similar result. As in Hirokawa's experiments it was found that the salt content of the cortex was of the medulla variable. These experiments arc relatively regarded constant; that by their author as support to the theory of reabsorption.
An observation, a.nalogous to those of Griinwald, was made by Richards and Plant (16), viz., that the production of a renal plethora, by ligation of coeliac axis and the superior and t.he inferior mesenteric arteries, in a rabbit whose diet had been such as to yield chloride-free urine, caused immediate diuresis and chloride elimination.
In Nishi's experiments (17) the sugar content of the cortex was compared wit.h that of t-he medulla. Concentration in the cortex varied from 0.01 to 0.066 per cent. If hyperglycemia without glycosuria was produced it varied from 0.04 to 0.06. In neither instance did the medulla show any sugar. If glycosuria was produced, both cortex and medulla contained sugar, the latter, however, in smaller amounts. These results certainly are indicative of a reabsorption of sugar in the medullary portion of the kidney.
5. Two series of experiments made by Bainbridge and his collaborators (18) were designed to bear directly upon this problem. Arrangements were made for perfusing the frog's kidney with oxygenated Ringer's solution through the renal arteries, through the renal-portal vein or through both. The concentration of the fluid issuing from the ureter was measured by the refractometer. Perfusion through the renal arteries resulted in the excretion of fluid through the ureter which was hypotonic to the perfusing fluid. This result was not modified by the additional introduction of perfusion through the renal-portal vein. When the by the introducti renal-portal vein ,on of mercuric chlorid the fluid issuing from e in the tubules had been poisoned very dilute solution via the ureter was isotonic with the perfusing fluid. In a. few instances the dead kidney or the kidney poisoned with mercuric chloride perfused under identical conditions also yielded hypotonic ureteral fluid. The deductions drawn from these experiments are that isotonic fluid is separated in the glomeruli of the perfused frog's kidney and that this fluid is rendered more dilute during passage through the t.ubules by the reabsorption of salt. It may be added that in these experiments no evidence was obtained t.hat the cells of the tubule possessed the power of forming urine or of adding anything to the fluid eliminated by the glomeruli. concentrati .on) the glucose content of the urine was less than that of the arterial fluid as long as the content of the mixture issuing from the vein was when it was higher than this, the concentration exactly the same as that of the arterial fluid. less than 0.21 per cent: of urinary glucose was Having confirmed the finding of Atkinson, Clark and Menzies (22) that glucose is not eliminated by the tubule, Clark concluded that glucose passes freely through the glomerular membrane and is reabsorbed from the tubule to a degree which is dependent upon the glucose content of the fluid bathing it.
Bieter and Hirschfelder (23) have published the results of experiments in which the passage of indigo-carmine and phenol-sulphonephthalein through the glomerular membranes of the frog's kidney has been observed directly by the method of Richards and Schmidt.
The subsequent accumulation of highly colored fluid in the ttibules together with the fact that no such accumulation occurs in the tubules in parts of the kidney in which the glomerular circulation (but not the tubular) has been abolished gave direct evidence of reabsorption of water in the tubule. Despite the fact that their final publication has anticipated ours, we think that, without injustice to them, we may properly results as confirmatory of ours (see footnote p. 209).
regard their
The experiments which have been cited constitute the most direct evidence available before the completion of our work upon which to base belief that a process of reabsorption occurs in the renal tubules. Its weight becomes more impressive when it is considered in conjunction with that which has been obtained in favor of the filtration theory of glomerular function.
In itself each experiment or group of experiments is convincing when viewed in the light of the author's interpretation. When subjected to criticism, however, it is discovered that few of the cited experiments are so free from ambiguity as to compel belief in the deductions drawn from it. Thus the experiments of Ribbert are vitiated by the fact that operative reduction in mass of the kidney is followed by diuresis irrespective of medullary extirpation (24). Acceptance of Cushny's views depends on belief that the glomerular fluid is a filtrate and contains sulphate and chloride in the same concentrations as those which obtain in the blood plasma: one is puzzled to know the bearing of the fact that sodium sulphate, in contrast with sodium chloride, was one of the substances found by Barcroft and Straub (25) to increase metabolism in the kidney. von Sobieranski's results were obtained with a dye, foreign to the organism, and are rendered ambiguous by the difficulty of deciding whether intra-vital staining of renal cells really represents passage of dye through the cell and if so in which direction.
The Nishi experiments are clouded by failure to estimate residual blood in cortex and medulla; it is possible that differences in sugar content might be related to differences in blood content. Bainbridge perfused the frog's kidney with Ringer's solution, a fluid which cannot be regarded as physiologically equivalent to blood. In some instances dead kidneys seemed to possess the same power as living.
The refractometric method of estimating concentrations presents opportunity for error. Clark's experiments are beyond criticism and those of Bieter and Hirschfelder seem conclusive: they were not published until after the majority of our experiments were completed.
The alternation of authoritative opinion concerning the nature of renal functions, the masses of inconclusive evidence and the predominance of hypothesis over fact in the literature bear testim .ony to the difficulty of designing experiments upon the kidney of which the result shall be unambiguous and crucial. Intricacy of structure and compactness of mass have prevented the development of analytical experiments of compelling force.
In the work now to be described it is hoped that experiments of unequivocal meaning in a limited field of renal physiology are supplied. They bear directly upon the question of reabsorption of sugar and of chloride in the tubules and upon the place of elimination of certain dyes which have been important reagents in past study of renal physiology; and indirectly upon the question of glomerular filtration.
They consist of comparative observations upon the composition of fluids simultaneously taken from Bowman's capsule and from the urinary bladder of the living frog METHODS.
Healthy frogs, usually Rana pipiens, were used in all the experiments. The brain was pithed with precautions to prevent hemor-J, T. WEARN AND A. N. RICHARDS rhage and a long incision made in the body cavity from the pelvic region upward, usually through the shoulder girdle. The anterior abdominal vein was ligated and cut, and in experiments in which intravenous injection was required a cannula was inserted pointing toward the heart. The animal was fastened to a board of convenient size, through which a small metal tube (8 mm. diameter) passed so that its upper end projected a few millimeters above the surface of the board.
When female frogs were used, the ovaries were excised, hemorrhage being prevented by ligature or cautcry of vessels.
The cauterized skin and muscles of the abdominal wall on the right side were divided by transverse incision at the level of the kidney extending around to the vertebral column.
The peritoneum was divided in a line running parallel to the lateral border of the right kidney.
By means of small clips attached to the cut edge of the renal peritoneum, the lateral border of the kidney was drawn so that a portion of it lay over the end of the tube passing through the board.
The board was placed upon the stage of a binocular microscope.
A small arc lamp was so placed that its rays, after passing through a jar of cold water tinged with methylene blue, were focused on the mirror and then reflected upward through the tube upon which the lateral border of a portion of the kidney lay. By such procedure the vascular struct.ure of the kidney becomes clearly visible.
This method is a modification of that devised by Richards and Schmidt (26) for observation of the glomerular circulation.
The essential part of the apparatus used for drawing fluid from Bowman's capsule is a sharp pointed capillary pipette.
A small piece of quartz tubing, 1 mm. in diameter, was drawn out in a flame and broken at the narrow parL2 The point (10 to 20~ inner diameter) was either sharpened on a stone or broken in such a way that a sharp edge or spicule projected from the tip. This quartz pipette was sealed into the end of one arm of a 3-way glass stop-cock tube by means of wax.
A piece of thick walled rubber tubing, 3 to 4 inches long, closed at one end by a bit of glass rod was attached to the opposite arm. The third arm, projecting at right angles to the other two, was connected with a glass levelling bulb by Z+ feet of rubber tubing.
By means of the levelling bulb the whole apparatus including the quartz tip was filled with mercury. 3 The pipette was firmly held in a stage of Barbour's pattern capable of giving micrometric adjustment in three planes. The stage in turn was firmly clamped to a Zimmerman stativ, well adapted to coarse adjustments. Figure 1 is a photograph of the apparatus.
2 Quartz was chosen after it was found that the pressure required to force a glass tip through the capsule of Bowman usually broke the pipette.
8 It is extremely difficult to manage fluid in a capillary tube if the column of fluid is broken by a bubble of air: hence the necessity of completely filling the pipette with a fluid before insertion. capsule to be punctured, so that it was poised about one millimeter above the surface of the kidney. A very fine stream of air, issuing from a small hypodermic needle attached to the microscope stand, was allowed J. T. WEARN AND A. K. RICHARDS to play upon the surface of the kidney until the thin layer of fluid on the surface was removed and the field of operation dried. This procedure made it possible to introduce the pipette through the capsule of Bowman without contamination.4 This drying of the surface helped to overcome to some extent the difficulty encountered in puncturing the capsule because of its elasticity and toughness: it prevented accidental trauma of the capillary tuft or of the inner surface of the capsule opposite the point of puncture.
The point of the pipette was directed at the clear space visible between the capillary tuft and the capsule of Bowman.
The point of puncture was so chosen that the tip of the pipette after insertion could not exert pressure by contact upon the glomerular vessels.
Figure 2 shows a glomerulus before and after insertion bf the pipette.
After insertion of the pipette the three-way stop-cock was turned so that the connection between the levelling bulb and the pipette was opened. The bulb was then lowered to a point two or three centimeters below the level of the kidney, thus creating negative pressure sufficient to draw the glomerular fluid into the pipette.
To discontinue collection of the glomerular urine the three-way cock was turned so that connection between the collecting tip and the rest of the system was closed. Contamination during withdrawal of the pipette was avoided by again drying the surface of t.he kidney.
The tip of the pipette was carefully rinsed with distilled wat.rr immcdiat cly a.f tcr its wit hdrawtil.
Transfer of fluid from the pipette to tubes adapted to chemical testing was carried out as follows: A long glass capillary tube with an inner diameter from three to six times that of the quartz pip&c was mounted obliquely upon the microscope stage so that its upper opening was within the field of vision.
Using the Barbour stage the tip of the pipette was inserted into the opening and the contents expelled into it by pressure.
After transfer of the glomerular fluid to the glass capillary, division into portions sufficient for single tests was made by drawing it further into the capillary and cutting the tube at the midpoint of the column of fluid. This process was repeated as many times as the volume of the original sample justified.
To add a reagent to any portion of the glomerular urine it was sufficient to touch the end of the capillary to the surface of the reagent and thus permit capillarity to force it into the tube. Mixture of urine with reagent was accomplished by moving the fluids back. and forth in the tubes by gentle suction and pressure.
In tests which required heat, the ends of the capillary were sealed in a flame, and the tube immersed in boiling water.
During the collection of glomerular fluid, urine accumulated in the bladder which had been emptied at the beginning of the experiment. This bladder urine was taken at the end of the experiment and subjected to tests identical in method with those applied to the glomerular urine.
RESULTS. Protein, The acetic acid-potassium ferrocyanide test was used. Samples of glomerular fluid and of bladder urine from eleven different frogs were tested and in none was a precipitate formed. This result is important not only from the standpoint of the physiology of the kidney, but also because it indicates that the methods used to avoid contamination with tissue fluid were successful.
As a control, a small portion of the fluid which normally covers the surface of the kidney was collected, diluted one hundred times with water, andesubjected to test in a capillary tube. An easily distinguishable, flocculent precipitate was obtained.
Frog's plasma, diluted 1: 100, yielded a similar result. These control tests indicate the delicacy of the method employed and proved that there was neither significant contamination of the pipette during its insertion or withdrawal and that there was no leakage of tissue fluid into the capsule of Bowman during collection.
The eleven samples of glomerular fluid referred to were taken from glomeruli through whose vessels blood flow was rapid. In a number of other instances collection was attempted from glomeruli through whose capillaries circulation was sluggish. In these the fluid accumulated slowly in the pipette, but no test upon it was possible, for when attempts were made to transfer it to the glass capillary tube it was found to be clotted. In view of the repeated occurrence of this phenomenon it seemed probable that under these circumstances a leakage of plasma through the capillaries had occurred.
Sugar. Benedict's qualitative solution was introduced into the capillary tubes in volume five to ten times that of the sample of glomerular or bladder urine to be tested. The ends of the tube were sealed in a flame and the tube immersed in boiling water for five minutes. Control tests showed no precipitate or discoloration of the reagent with distilled water; glucose solutions of 0.02 per cent and upward on the other hand showed unmistakable reduction. In each experiment, the reduction tests on glomerular and bladder urines were made simultaneously and under the same conditions. In every case, a control test of the reagent with distilled water was made at the same time. In many instances several tests on the bladder urine were made in which the proportion of reagent to urine varied from 1: 1 to IO: 1.
In the first two experiments no reaction could be obtained with either glomerular or bladder urine. Sugar estimations were then made on the blood of nine frogs by McLean's method (27) with the result that no sugar was detectable.
(These experiments were made in November and December.) Therefore, in subsequent experiments, with the exception of nos. 15 and 16 (made in March), glucose was injected in varying amounts under the skin of the thigh before beginning the collection of glomerular and bladder urine.
The details of the majority of experiments are contained in Table 1 Two experiments (8 and 9) made in December are included in table I in which no glucose was injected and no reduction was produced by either glomerular or bladder urine.
In the experiments 4, 12 and I4 positive reduction tests were obtained with both the glomerular and bladder urines.
The number of results at present available is insufficient to permit a statement of the exact threshold level of sugar. Figure 3 shows a photomicrograph of tubes in which glomerular fluid and bladder urine have been subjected to the test for sugar as described.
Chlorides. The test used was silver nitrate and nitric acid. When performed in capillary tubes, it produced visible turbidity with NaCl concentrations as low as 0.01 per cent. It has been shown by van der Heyde (28) that the urine of fasting frogs is nearly chloride-free. Urine collected from several frogs from the stock used in these experiments yielded only turbidity or opalescence when tested grossly with silver nitrate.
In the first comparison of glomerular fluid with bladder urine, the former yielded a heavy white precipitate, the latter a very small amount. When the frogs were kept in distilled water for 24 hours before collection, bladder urine gave no reaction for chloride. Experiments 7 to 13 in table 1 show the results of comparative tests of glomerular urine and bladder urine.
In five, no reactions were obtained in the latter; strong reactions in the former. Figure 4 is a photomicrograph showing chloride tests on glomerular and bladder urine from such a frog. Urea. A number of comparative tests for urea were made upon the glomerular urine and bladder urine, using the xanthydro15 reagent prepared by the method described by Oliver (29). Typical crystals, similar to those pictured by Oliver were formed in both fluids, much more abundantly however in the bladder urine.
We accepted this as evidence that urea is eliminated through the glomerular membranes, but discontinued the tests because of the feeling that effort should be devoted to development of methods which should yield results more reliable and more nearly quantitative when applied to these minute amounts of fluid. Potassium. (30), potassium was detected in both glomerular and bladder urines. When, however, the frogs were removed from the tanks through which tap water flowed and kept in distilled water, frequently changed, for three days before an experiment, no potassium was found in either glomerular or bladder urine.
Using the cobalt-sodium nitrite reagent of A. B. Macallum
Reaction.
In a number of experiments attempts have been made to test the reaction of the glomerular fluid in comparison with that of blood plasma and of bladder urine.
In one experiment a frog, weight 62 grams, was injected subcutaneously before. the operation with 2 cc. of 3 per cent sodium bicarbonate solution. Glomerular and bladder urines were then collected for eight hours: at the end of this time another capsule was punctured and collection continued for ten hours more. The fluids were tested in capillary tubes made of quartz, cleaned with the most extreme care. A portion of each was mixed with a dilute solution of neutral red in the proportion of I : 3. Both samples of glomerular urine caused change of color to yellow with the deposition of small yellow crystals.
A phosphate solution having a known pH of 7.5, similarly tested, gave a similar result.
Both samples of bladder urine mixed with the reagent were pink and no crystals were deposited.
A phosphate solution of pH = 6.6, similarly tested, behaved similarly.
These experiments were discontinued for the same reason as that stated in
In experiments made by one of us connection with urea, since the appearance of Bieter and Hirschfelder's paper it has been observed that when either phenolsulphonephthalein or neutral red is injected into the circulation of the living frog, the color of t#he fluid which is to be seelz in the responds to a reaction distinctly more alkaline than the color of the dye as it is to be seen in the tubules. capsular space corthat represented by Dyes.
Indigo-carmine is of special interest in the study of the kidney because it is the dye which was chosen by -Heidenhain for tracing the path of elimination from blood into urine.
In sections of the kidney he found it in the tubules and not in the glomerulus; hence he revived the Bowman theory of tubular secretion and denied the filtration hypothesis. The force of Heidenhain 's observations and arguments has diminished with the accumulation of further evidence (27).
In the study here presented opportunity was afforded for directly observing in the living tissues concerned injection of this dye into the blood stream.
the events which follow the Arrangements were perfected for injection of the dye into the anterior abdominal vein while an observer was looking at the kidney, At the same time the capillary pipette was projecting into the capsule of Bowman so that both glomerular fluid and bladder urine were collected during the elimination of the dyes.
The sequence of changes which was seen to follow the injection of 0.5 CC. of a 0,5 per cent indigo-carmine solution (Griibler) in water or salt solution is as follows: Within the first thirty seconds after injection the visible arteries become blue: immediately the capillary tuft in the glomerulus becomes intensely blue: then the colorless, transparent, fluid-filled space between tuft and capsule takes on a light blue tinge: then all of the visible vessels, including veins, take on the color so that the whole kidney is opaque: finally the color fades rapidly so that the original state of the kidney is restored.
This sequence is complete in 3 to 5 minutes following the injection.
Within 10 to 30 minutes later another change is seen. The tubules which are seen with difficulty in the unstained kidney on account of their transparency become more clearly visible owing to the collection of blue granules in their walls.
Presently thread-like collections of dye can be discovered apparently within the lumina of some tubules; what seems to be a stippling of the inner border appears in others.
The glomerular fluid which was collected during the series of events described was blue: so also was the bladder urine. When approximately equ .a1 amounts of the two fluids were discharged upon white filter paper, the stain produced by the glomerular urine was distinctly blue, but was less intense than that produced by the bladder urine.
While the complete interpretation of these changes cannot be made out with certainty at the present time, one fact is clear: indigo-carmine is eliminated by the glomerulus.
The complete temporary disappearance of the dye points to the important influence which the fact of its reduction to a leuco-base may have exerted in the past in the development of diversity of opinion regarding the place of its elimination.
The character of its distribution in the tubules as has been described is in harmony with von Sobieranski's belief that the staining of tubule cells occurred as a result of the presence of the dye in the lumen of the tubule in more concentrated solution than that in which it exists in blood. Phenolsulphonephthalein Other observations.
Choice of a glomerulus for puncture and collection of urine was determined on the basis of its accessibility and the rate of blood flow through its vessels. It was assumed that the more rapid the blood flow t.he greater would be the rate of glomerular elimination. At the instant when the pipette pierced the capsule of Bowman, and particularly if a capillary loop was touched by the tip of the pipette, flow of blood through that glomerular tuft ceased for an interval of from a few seconds to two minutes.
During the intermission of blood flow fluid did not rise in the pipette, a fact which not only indicates that formation of glomerular urine ceases with glomerular blood flow but also that the fluid drawn from the glomerulus in these experiments did not originate in the tubule.
The length of time during which collection of fluid could be continued from a single glomerulus was surprising.
In one preparation the experiment lasted for eighteen hours. In this instance the total fluid collected amounted to 10 milligrams.
On another occasion more than 6 milligrams of urine were collected, following injection of glucose, in four hours. These figures are not as great as those calculated by Cushy to represent the performance of a cat's glomerulus, but the difference is no greater than one might anticipate in view of differences in glomerular capillary pressure in the cat and frog. It is, of course, not to be assumed that all of the fluid eliminated from the blood is collected in the pipette.
DISCUSSION. Extended discussion of the results here presented is unnecessary. Direct testing of the fluid eliminated by the frog's glomerulus proves the assumption which was made by the earliest of the modern students of renal physiology, that a protein-free, watery fluid is separated from the blood stream as it passes through the glomerular capillaries. Absence of protein from the glomerular fluid constitutes serious objection to de Haan's hypothesis of the normal permeability of the glomerular membranes to colloids (33).
The discovery that two substances, sodium chloride and glucose, both of which are normal constituents of blood plasma, are not to be found in bladder urine under the conditions of these experiments, but are to be found in considerable concentration in the fluid taken directly from the glomerulus, proves beyond doubt that reabsorption of these substances must take place in the renal tubules.
Proof is also at hand in these experiments that the threshold of reabsorption of these two substances is not the same. The conception of differential reabsorption in the tubules therefore receives support of the most direct character.
Clark's criticisms of Hamburger's views on the partial permeability of the glomerular membrane to glucose are supported by our work. Ham-burger dismissed the powibility of reabsorption of glucose from the tubules and sought to explain the renal retention of glucose by glomerular impermeability.
His conclusions on this point and on the behavior of other sugars in the kidney seem to require radical revision.
The observations yield evidence that two dyes, study of which has had important influence in the development of the secretory theory of urine formation, are certainly eliminated in the frog's kidney by way of the glomerulus, They therefore add materially to the evidence advanced by others which indicates that it is not necessary to conceive of a vital secretory process which takes place in the cells of the tubules, as necessary for the elimination of these substances.
The experiments do not contain direct evidence concerning the nature of the process by which the protein-free fluid is separated from the blood in the glomerulus.
The fact that sugar and sodium chloride are both there eliminated, only to be subsequently reabsorbed, indicates that the glomerular process is not one which is adjusted to the changing needs of the organism.
It indicates that the further elaboration of urine which is accomplished in the tubules is the process or group of processes by which the kidney is so admirably adapted to the performance of its part in the regulation of constancy of composition of the body fluids. If this is true it may be regarded as indirect evidence that the process in the glomcrulus is physical and since the most conspicuous physical force demonstrable in the glomerulus is the blood pressure, it may be regarded as evidence in favor of the filtration hypothesis.
It will be objected that the observations here reported were made on the frog's kidney which is a mesonephros, and hence is different in the details of its structure from that of mammals; that there is no guarantee that these observations are applicable to events in the mammalian kidney. That there is a striking similarity of structure between the glomerulus of the frog and that of mammals no one will deny; that the mesonephros of the frog seI"ves that animal in the same fashion and as effectively as the kidney serves the higher mammals is also hardly open to contradiction. Until observations of similar directness have been made upon mammalian kidney, with contrary results, it is believed that the inferences drawn from these experiments may be extended to the mammalian kidney. SUMMARY 1. A technique has been devised for simultaneous collection of glomerular and bladder urine in frogs.
2. The glomerular fluid is free from prokin when blood flow through the glomerular capillaries is rapid.
It may contain protein when blood flow is sluggish and the capillaries are dilated. 
